While we have an excellent fundamental understanding of the dynamics of simple cracks propagating in brittle solids, we do not fully understand how the path of moving cracks is determined. Here we experimentally study cracks that propagate between 10-95% of their limiting velocity within a brittle material. We deflect these cracks by either allowing them to interact with sparsely implanted defects or driving them to undergo an intrinsic oscillatory instability in defect-free media. Dense, high-speed measurements of the strain fields surrounding the crack tips obtained via imaging reveal that the paths selected by these rapid and strongly perturbed cracks are entirely governed by the direction of maximal strain energy density and not by the oft-assumed principle of local symmetry. This fundamentally important result may potentially be utilized to either direct or guide running cracks.
While we have an excellent fundamental understanding of the dynamics of simple cracks propagating in brittle solids, we do not fully understand how the path of moving cracks is determined. Here we experimentally study cracks that propagate between 10-95% of their limiting velocity within a brittle material. We deflect these cracks by either allowing them to interact with sparsely implanted defects or driving them to undergo an intrinsic oscillatory instability in defect-free media. Dense, high-speed measurements of the strain fields surrounding the crack tips obtained via imaging reveal that the paths selected by these rapid and strongly perturbed cracks are entirely governed by the direction of maximal strain energy density and not by the oft-assumed principle of local symmetry. This fundamentally important result may potentially be utilized to either direct or guide running cracks.
How is the direction of a propagating crack determined? Analysis of 2D cracks has suggested a number of approximately equivalent criteria for path selection [1] that have been experimentally validated [2] for nearly static (quasi-static) cracks, whose velocities are an infinitesimal fraction of material sound speeds. The two main empirical criteria include the principle of local symmetry," [3] whereby a crack will rotate so as to negate shear at its tip, and the principle of maximal strain energy density, whereby a crack will choose the direction that maximizes the strain energy dissipated at its tip [4] . Fully 3D calculations [5] suggest that quasi-static cracks, beyond a transitional region set by the microscopic scales surrounding the crack tip, respect the principle of local symmetry.
Current descriptions of the dynamic propagation [6] [7] [8] of straight cracks within perfect (homogeneous) materials are highly successful. Dynamic cracks are those that are propagating at a finite fraction of a cracks limiting speed (the Rayleigh wave speed c R ). The fundamental question, however, of what determines a cracks path has long been open [9, 10] . While defects and imperfections can deflect [11, 12] or even arrest cracks, it is not known how to quantitatively predict their effect. When crack fronts are perturbed by material heterogeneity, the loss of local crack front smoothness has been predicted to arise [13, 14] . While experiments have shown that such interactions result in pinning and deformation of slow crack fronts by regions of varying fracture toughness [15] [16] [17] [18] , it is not known how localized imperfections, such as small particles, affect dynamic, rapidly moving cracks.
The global path selection criteria for quasi-static cracks predict that shear stresses must always be zero at crack tips. Experiments, however, have recently revealed that finite shear stresses can actually be sustained at the tips of dynamic cracks propagating along straight trajectories [19] . The stability of a cracks path to such shear stresses decreases significantly as its velocity increases [19] until, at extreme velocities, intrinsic oscillations take place [10, 20] . The path selected by these oscillations is closely related to the important open general question [9] of what governs path selection for a dynamic crack on a local and global level.
Here, we experimentally probe the dynamic path selection of cracks resulting from both dilute rigidly embedded inclusions and the intrinsic oscillatory instability in perfect (homogeneous) brittle isotropic materials. To reduce crack speeds while retaining fully dynamic propagation, we use polyacrylamide [7, 21] hydrogels. These materials are representative of the broad class of materials that undergo brittle failure. This has been demonstrated through direct verification of the predictions of fracture mechanics for cracks propagating at velocities ranging from almost zero to nearly their limiting velocity, c R . Experiments with these materials have verified the form of the dynamic fields near crack tips as well as the validity of both energy balance and the equation of motion for brittle cracks predicted by Linear Elastic Fracture Mechanics (LEFM) [6, 8, 19, 22] .
In these experiments polyacrylamide hydrogels composed of a total monomer concentration of 13.7% (wt) with a 2.7% (wt) cross-linker were used as in [6, 8, 19, 22] . The detailed material preparation protocol is described in appendix A. The vertical (y-direction) boundaries of the gel samples were sandwiched between two grips. To one grip a load cell was attached, whose voltage was amplified by a lock-in amplifier, enabling precise measurement of the applied load. The other grip was attached to a precision displacement stage that applied remote strain to the gel sample. For the 'strip' samples used to study crack-particle interactions, the x × y sample dimensions were 60 × 40 mm, whereas for the oscillatory instability, sample sizes of 200 × 200mm were used. The strip samples were seeded with sparse concentrations of 50µm diameter rigid particles that adhered tightly to the surrounding gel (see appendices A and C for details). The center 10 × 6mm section of each sample was illuminated normal to its surface, and imaged onto a fast camera's sensor (IDT Y7 S3) at 8000 fps, as shown schematically in Fig. 1 (a) . Each of the 2000 x 1000 pixels of the camera was mapped to 6µm × 6µm. The mean accelerations and velocities of the cracks were controlled by the pre- Brittle polyacrylamide gel sheets are loaded in tension, and a crack is initiated at the sheets edge. The resulting crack rapidly propagates through the sample. We illuminate the gel using a collimated LED beam to produce a shadowgraph image of grids that are embossed on the gel surfaces. The grids are used to measure the instantaneous displacement and strain fields near crack tips. (b) (top) A crack (v ∼ 0.25cR) within an 'ideal gel sample, without the introduction of any rigid inclusions. (bottom) The measured εyy strain component has the r −1/2 scaling predicted by LEFM. (inset) Comparison to LEFM predictions (red) and the measured εyy along y = 0 (blue) demonstrates near-perfect agreement. (c) A crack (v ∼ 0.3cR) approaches polyamide spheres (highlighted by yellow diamonds) that are embedded within the gel prior to polymerization. Note the strong effect of nearby particles on the εyy field (shown also in Fig. 7 , in appendix C). Here, the strain distribution along the path selected by the crack exhibits strong variations (bottom) that highly deviate from the LEFM prediction as shown in the inset (colors as in (b)).
imposed strain as described elsewhere [7] . In the strip samples, the applied strain varied from 10 -25%. For the oscillatory experiments, strains of about 10% were used. After each sample was stretched to the desired strain, a notch, typically 1mm in length, was inserted into the middle of the sample's edge using a scalpel. Upon cutting the notch, the cracks began to propagate, as shown in Fig. 1 (b) . As a crack propagates through the sample, the load measured by the load cell falls; this monotonically decreasing signal was used to trigger the acquisition of images in the fast camera's circular buffer. The images were stored for post-processing.
The strain field was determined by measuring the distortions of a reference grid embossed on the sample's surface, using a precision stamp, fabricated using photolithography. The grid had a depth of 2µm and the grid squares were (in the reference frame, when the grid was un-stressed) 60µm along a side. The displacement of each grid location was measured by determining the distances between adjacent grid points in the laboratory frame, and comparing this to the grid's unstressed dimensions. The location of each grid point was determined to sub-pixel resolution by fitting a spline interpolated path through up to 10 neighboring grid points in each row and column. The error in locating each grid point is 1/3 of a pixel. We calculated the strain fields using finite differences of neighboring grid displacements. These derivatives were then used to calculate the linearized strain tensor, ε ij = (1/2) (∂ i u j + ∂ j u i ). Typical results of this post-processing are shown for a homogeneous sample and a sample with a particle near the crack tip in Fig. 1 (b) and (c), lower panel, respectively.
For dynamic cracks with velocities 0.3 < v/c R < 0.8, we find that crack paths often become tortuous as a consequence of crack interactions with the particles. The near-tip strain fields of these rapidly propagating cracks reveal that nearby particles significantly affect the form and even existence of the singular fields predicted by LEFM. When no particles are embedded, the predicted singular fields are obtained [23, 24] . When a crack approaches a particle, the stress fields surrounding its tip typically deviate from the singular, K-dominant (K/r 1/2 ) scaling predicted by LEFM and its nonlinear extensions [6, [24] [25] [26] [27] in homogeneous materials, as shown in Fig. 1  b) and c).
Interactions with embedded particles can have profound effects on a cracks subsequent propagation. This is readily observed in even a single image, as the parabolic crack tip opening displacement (CTOD) predicted from LEFM is distorted and asymmetric in the sample plane ( Fig. 2 (a) ). In the strip geometry, cracks in perfect media propagate at steady velocities [7, 9] . The embedded particles strongly alter crack dynamics, and crack tip paths can deviate significantly from straight line propagation within microseconds. The crack will change its velocity and direction upon encountering particles, as can be seen in Fig. 2 
(b) and (c).
By calculating the local strain tensor, we can determine how a crack's path is selected. The distortions of the embossed grid provide us with a direct measure of the strain tensor relative to the material reference frame, and all following analysis is carried out in this frame of reference. We use these measurements to quantitatively evaluate the established criteria for crack path selection: the criterion of maximal strain energy density (SED) and a local symmetry criterion (LS). Details of how the SED and LS criteria were calculated are in appendix B. interacts with embedded particles and changes its direction. In the figure we compare the results of both criteria for the frame depicted in Fig. 3 (a). Figure 3 (b) shows a comparison of the direction predicted by the maximal strain energy density criterion with the crack's actual path. In this figure, we present the map of the strain energy density at each grid point. Starting at the crack tip, for each x-position we note the y-location in which the strain energy density is maximal. We see that the direction defined by fitting a straight line to the energy density maxima ahead of the crack tip is in excellent agreement with the propagation direction that leads to the subsequent crack tip location. As the strains are large near a crack tip, the effects of pre-strain on both the SED and LS predictors is negligible, as shown in appendix E.
We evaluate the principle of local symmetry by diagonalizing the strain tensor at each grid point surrounding the crack tip. In the diagonalized frame, the direction normal to the largest eigenvector of the strain tensor is the direction for which ε xy = 0. The LS predicts that the path will follow this direction, as this is the direction in which shear stresses at the tip are zero. In sharp contrast to the predictions of the SED criterion, however, the subsequent crack tip location clearly shows that the path selected by the crack does not coincide with the direction predicted by local symmetry (Fig. 3 c) .
In Fig. 4 we consider a case in which a crack is deflected by an intrinsic instability while propagating through a particle-free medium. Once the crack surpasses the velocity threshold, v > 0.9c s , it undergoes spontaneous oscillatory oscillations [6, 10, 20] in which the cracks tip is rapidly deflected at large (> 30 o ) angles. In the figure we analyze two typical frames in which the crack is deflected because of the instability. As we observed for the crack deflected by a particle (shown in Fig. 3) we, again, find that the criterion of maximal strain energy density provides an excellent prediction of the direction that is instantaneously selected by the crack, whereas local symmetry fails to do so. In this example, while the stress fields at the crack tip are approximately singular, the high amplitude waves emitted by the rapidly oscillating crack strongly perturb the clean singular fields that would be obtained in the case of a dynamic crack moving along a straight trajectory. Whereas the amplitudes to the perturbations to the strain fields are roughly the size of those resulting from a cracks interaction with particles (see Fig. 1 c) , they take place for a different reason.
Are the examples in Figs. 3 and 4 representative of dynamic crack path selection in general? In Fig. 5 we compare the predictions of the two criteria for numerous experiments, where 0.3 < v/c R < 0.95, and in which the selected propagation directions ranged over ±60 o . The deflected angles corresponded to both deflections that resulted from crack-particle interactions, as well as from the oscillatory instability. As the locations and numbers of particles within each frame are random, each of these crack-particle interaction experiments relates to an entirely different configuration of particles relative to both the crack tip and crack orientation. We see that the maximal strain energy density criterion (Fig. 5 a) agrees perfectly with all of the measured paths. The successful predictions are therefore independent of the details of the particle configuration that drove the shift of the direction of the maximal strain energy density; deflections resulting from both oscillating cracks and crack-particle interactions are predicted extremely well. In contrast, Fig. 5  b) shows that the direction of local symmetry seems to have no correlation to the paths chosen by the crack; selected paths are wholly independent of the local symmetry of the strain tensor in the crack tip vicinity.
The results from the multiple experiments presented in Fig. 5 convey a clear picture of how a cracks path is determined. While the two criteria examined in Fig. 5 provide very different predictions in these experiments on dynamic cracks, measurements of crack directions from experiments with e.g. remote mixed-mode loading in homogeneous media have long shown [1, 2] that these criteria are, effectively, indistinguishable in the quasi-static case. Both path selection criteria were originally conceived for cracks whose stresses are determined by a dominant leading-order singularity at their tip. Theoretically, both criteria are held to be indistinguishable when small perturbations to the singular fields prescribed by LEFM [1] are considered. The large perturbations imposed by both rigid inclusions and the oscillatory instability, however, change this picture radically and enable us to clearly differentiate between the two criteria. SED does an excellent job of predicting a cracks local path for all of the experiments performed, while the LS fares poorly.
These results raise the important question of what is fundamentally changed when material pinning locations are dispersed along a cracks path. Some insight can be gained by examining the form of the near-tip strain fields along the propagation direction. As can be seen in Fig. 1 (c) as well as in Fig. 8 , the structure of the strain field is fundamentally different from the ubiquitous singular strain fields within homogeneous materials. The proximity of a hard inclusion generates strain and stress fields that are strongly varying in space, generally asymmetric and that often effectively blunt the singularity of the fields in the near-tip region. These strong deviations from singularity suggest that, in these instances, the Kdominant singular distribution of stresses surrounding a cracks tip, on which LEFM is based, may no longer exist, even as the crack continues to propagate. Similar strong deviations from the symmetric fields predicted by LEFM are observed for the unstable oscillatory cracks at extreme velocities, as presented in Fig. 4 .
The characteristic parabolic form of crack tips away from the near-tip region (Fig. 6 (a), (b) ) suggests, however, that on average, the singular fields are retained at spatial scales that are much larger than the spacing between inhomogeneities. At these scales, the observed mean path deviations are quite small. Interestingly, the paths predicted by the principal of local symmetry, in fact, correspond quite well to the direction of the axis of symmetry of the parabolic CTOD form away from the crack tip, x as demonstrated in Fig. 6 c) . In addition, the energy release rate described by the CTOD curvature at these scales [23] is wholly consistent with the measured fracture energy.
The central consequence of this work is the very general result that a cracks propagation direction at the near-tip (local) scale is guided by the SED criterion. We have seen that this criterion works extremely well for highly dynamic cracks in diverse situations, from a well-established singularity at the cracks tip, to a nearly entirely blunted crack tip.
While the SED criterion is distinct from the principle of maximum energy release rate, in that it reflects an instantaneous measurement of the strain energy density rather than the energy dissipation rate, it appears to capture the important features of the maximum energy release rate criterion, at least in the near field where we evaluate the SED. Figures 5 and 6 demonstrate two very different crack path selection criteria that are in play at different scales. Which of the two is more important? An answer is provided in Fig. 9 in appendix D, where we demonstrate that a crack tips interaction with even a single isolated particle can be so profound that a crack can transition from rapid (0.4c R ) fracture to complete arrest. Moreover, we have seen that the SED is incredibly good at describing crack tip directions in unperturbed isotropic materials when cracks become unstable to the oscillatory instability at extreme velocities (v > 0.9c R ) [20] . The LS again fails badly in both these experiments and phasefield based theories that model them [10] . In both of these cases, crack dynamics at the near-tip scale are critical. While the far-field scales supply the energy flux to the crack tip needed for propagation, the local stress configuration has global consequences, determining how, if, and when a crack will propagate.
The principle of local symmetry is recovered at large scales when the crack is unperturbed by particles in the near-tip field, and its path is, on average, straight. As the PLS only applies for singular crack fields, this is consistent with our observation that the LS criterion fails to predict crack paths in the absence of the singular field. Indeed, for cracks with the singularity in place, we observe full agreement between the large-scale symmetry of the CTOD and the LS used to evaluate path selection throughout this study, as shown in Fig. 6 . For a singular field, the LS fully agrees with the classical definition of the PLS the shear loading at the crack tip is zero.
Our experiments raise an additional intriguing question: why do rigid microscopic inclusions induce large perturbations to the fields surrounding a cracks tip? Essentially, each rigid inclusion imposes an additional boundary condition, negligible strain, at its location. Studies of the interactions between cracks and inclusions go back to the early developments of fracture mechanics theory [28, 29] . These studies show that the stress intensity factor for a static crack can be either significantly enhanced or significantly reduced by the interaction with an inclusion. Inclusions can also influence the effective fracture energy [30] . The symmetry and amplitudes of the stress fields vary significantly as a crack approaches an inclusion to within a few particle diameters. The strength of the effect varies with both the impact parameter and the elastic properties of the inclusion relative to the surrounding material. For rigid particles, these studies suggest that a diminutive inclusions influence is only small if it is located in regions of small unperturbed stresses (e.g. far from a cracks tip) [28, 29] .These predictions are consistent with our experimental observations of dynamic cracks, where the presence of even a single rigid inclusion will produce a huge perturbation at any location where unperturbed stresses are large, such as near a crack tip. Even if the inclusion is minute in size, it will entirely alter the magnitude and symmetry of the stresses surrounding a cracks tip. This is clearly exemplified in Fig. 9 , where a rapid crack undergoes instantaneous crack arrest upon encountering a single inclusion in the near-tip field.
While Fig. 9 is, to our knowledge, the first direct observation of such a dynamic arrest event, there is no reason to believe that such dramatic events wouldn't commonly occur. In fact, the use of rigid particles to steer and stop a crack could be a potentially important material toughening mechanism. A variety of mechanisms are thought to enhance material strength in composite materials by arresting incipient (quasi-static) cracks. These include exploiting embedded fibers to bridge crack faces to reduce crack-tip stresses and using densely seeded soft inclusions [31] or creating "double-network" elastomers to induce crack-tip blunting [32] [33] [34] (via "sacrificial bonds"). Steering incipient cracks in unfavorable directions is also highly effective in material strengthening. This is heavily exploited in both natural [35] (e.g. bone) and biologically inspired synthetic composite materials [36] by means of complex, anisotropic, often layered motifs. All of these toughening mechanisms differ from the rigid particle induced effects elucidated here. The particles provide an intrinsic 'adaptive response whose effect becomes pronounced exactly when they are needed for toughening, and they can be ignored otherwise.
The focus of this work is fundamental: we provide a clear experimental verification of a long-sought criterion for the selection of crack directions. The insight gained from these experiments also enables us to better understand how imperfections influence the strength of heterogeneous or hybrid materials.
Appendix A: Materials
To prepare samples of polyacrylamide hydrogels with embedded polyamide particles, we begin with a solution of unpolymerized polyacrylamide monomer with a small amount of bis-acrylamide cross linker (Sigma Aldrich). We used a total monomer concentration of 13.7% (wt) with 2.7% (wt) cross-linker. Polymerization is initiated and catalyzed with 0.2% Ammonium per sulfate (APS) and 0.02 % Tetramethylethylenediamine (TEMED). Polymerization takes place in a temperature conditioned laboratory at 19 C for four hours prior to experiments. As prepared, this gel has an elastic modulus of approximately 90 kPa, a longitudinal wave velocity of approximately 11 m/sec, a shear wave velocity of approximately 5.5 m/sec and, as the material is incompressible, its Poissons ratio is 0.5 and thus the Rayleigh wave speed is calculated to be 5.3 m/sec [21] . We add a small concentration of polyamide particles having an average diameter of 50 microns and a stiffness of several GPa (Dantec dynamics). With this elastic modulus, the particles can be considered to be 'infinitely rigid relative to the gels. Particles were mixed at a numerical density in the gel sample of approximately 1-3 particles per 200 picoliter, or an average area density of 1 -3 particle per mm 2 for a 190 micron thick gel. The crack tips analyzed had, typically, densities of 2 -6 particles per mm 2 . Gel samples were cast between two glass plates separated by 190-micron spacers. On the surface of one glass plate, a grid is embossed with a lateral spacing of 60 microns; this imprints the undeformed reference state of the gel upon its surface.
Appendix B: Methods
The crack tip location is determined in each image first by applying a canny edge filter to identify the entire crack tip opening displacement. The pixel furthest in the direction of the cracks advancement is designated as the crack tip in the image. The crack tip thus identified delineates the region within the gel where the surfaces start to separate. The error in identifying the crack tip is bound by the pixel size (6 microns) and the process zone scale (20 microns [8] ) along the x-axis, and is only 6 microns along the y-axis. We take advantage of the better-resolved data away from the crack tip to construct an interpolation function for the grid location data, and either interpolate or extrapolate to find the crack tip location in the grid coordinate system. Our maximum error in locating the crack tip is approximately 1/3 of a grid spacing.
The Strain Energy Density (SED) was determined directly from the strain fields. The analysis is confined to a region of approximately 1 mm 2 ahead of the propagating crack (in the reference frame), where values outside of a 120 degree arc along the crack's path were not used for the predictors. For the hydrogels considered here, this scale exceeds the weakly nonlinear scale at which the linear elastic description breaks down [25] . For these materials, the nonlinear scale increases as the crack speed increases. It is typically about 100 microns (about two grid spacings) from the crack tip [8] . The process zone is much smaller, at most 20 microns in size [8] . Thus, the range analyzed (7-10 grid spacings) is the scale where LEFM nominally applies. The strain energy density, U , is calculated via U = σ : ε = σ ij ε ij . To develop a prediction of the cracks path, the instantaneous U (x, y) is evaluated near the crack tip within a 120 degree acceptance angle, ±60 degrees from the crack's propagation axis, ahead of the crack tip.
The crack's direction is determined by the relative position of the sequential crack tip location. The sequential crack tip location is mapped back from the laboratory frame into the reference frame by counting grid spacings, using the grid corresponding to the current image. Along each column between the current and next crack tip locations, the maximum of U is found. The location of the maximum of U for each x was determined by fitting a parabola through the measured U (y) data using the ±3 grid points neighboring the measured maximal value of U . This procedure resulted in an resolution of approximately 0.4 grid spacings. The SED predictor was then determined via a linear fit of the maximal locations of U ; its slope yielded the predicted angles in Figs. 3-5. Using this procedure we reduced the measurement error for the SED predictors to less than 2 degrees, or approximately one third of the data points plotted in Fig. 5 .
The local symmetry criterion (LS) is determined from the eigenvalues of the strain tensor in the approximate 1 mm 2 region immediately ahead of the crack tip, where the strain data are defined. This typically consisted of 49-100 grid spacings. The strain tensor was diagonalized at each grid point. For each point, we determined the direction of maximal strain. The values of the LS predictor in Figs. 3-6 were the average values of the direction normal to the maximal strains. The error in the LS predictor is defined by the standard error of the sample mean, and is typically less than 1 degree.
Imaging artifacts can arise in our experimental system from a number of different sources, and these ultimately lead to the regions near the crack tip where the strains are ill-defined (whited out regions). Such regions are not included in the analysis of either the SED or LS predictors. (a) A typical sample image, the red point denotes the crack tip, the detected grids are overlayed in color on the image, and the circled area above the crack tip includes a single particle. One can see that gel has rigidly adhered to the particles boundaries preventing it from stretching and distorting the grid. This is in clear contrast, to the symmetric location (lower circled area) below the crack tip that does not contain a particle. Here, the grid shows considerable material distortion. (b) The strain component, εyy, of the image in a). Clearly, the area near the particle (white diamond) did not stretch, in comparison to the (lower circle) symmetric area.
These ill-defined regions result from the strong slopes of the sample surfaces at the crack tip. This caused the imaging plane and the grid plane to be misaligned in this region. The strong sample curvature near the crack tip additionally gave rise to lensing leading to the dark or light regions in the images recorded by the fast cameras imaging sensor. With repeated use the embossing grid becomes damaged. This damage is typically local, and readily identifiable in an image sequence. Damaged regions of the grid stamp show up as light or dark regions on the image depending on the relative alignment of the focal-and grid planes, as can be observed, for example, in Fig. 1 
(c).
Appendix C: The influence of rigid particles on the surrounding gel
The interaction of a propagating crack with a rigid inclusion, as explored in the main manuscript, is mediated by the elastic fields. Indeed, it is only via perturbations to the elastic field that the crack tip 'knows that the rigid inclusion is present. The particles have a density very near to that of the gel, and their effect on the inertia of the material is essentially negligible. Their main effect is to alter the boundary conditions imposed throughout the sample by pinning the material at each particles boundary. The elastic material at the particle boundaries is therefore constrained to be displacement-free.
The elastic strain is directly measured in the material frame of reference by the grid that is embossed on the surface of the sample, as described in the main text and elsewhere [22, 23] . In Fig. 7 (a) we highlight two regions with circles that are symmetrically located on both sides of a cracks trajectory. The corresponding measured strain At t = 0 msec the particles are far from the tip, so εyy is close to the LEFM prediction. As the crack tip approaches the particles, at t = 0.125 msec and at t = 0.25 msec, εyy becomes increasingly distorted. By t = 0.25 msec the εyy fields are distorted by nearly 100% relative to the particle-free fields.
component within approximately 1 mm of the crack tip, ε yy , is presented in Fig. 7 (b) . The upper circle contains an isolated particle. There, the ε yy field indicates zerostrain around the particle. In contrast, within the lower circle that does not contain a particle, the strain is indeed substantial, approaching 25%.
The presence of rigid particles clearly alters the strain fields. We evaluate the effect of isolated particles on the strain fields surrounding a propagating crack in Fig. 8 . Over a period of 0.25 msec, the cracks path is significantly altered due to the presence of the particles. This has direct consequences on the form of the strain field near the crack tip, which, in homogeneous materials, is singular [19, 23] . The typically large distortions of the unperturbed strain fields that take place once a crack tip approaches a particle can be readily seen from the comparison of the measured strains and the LEFM prediction, as shown in Fig. 8 
(b).
Appendix D: Dynamic crack arrest resulting from a crack's interaction with a single particle
The effect of rigid particles on a propagating crack can have macroscopic consequences, despite the local nature of the perturbation. Depending on a cracks velocity and the configuration of the particles relative to the crack tip, a crack can even entirely arrest, even when there is sufficient elastic energy available to enable the cracks rapid propagation. A typical such example is depicted in Fig. 9 . The crack shown propagated at velocities up to 0.4c R as it approached an isolated particle. Once encountering the particle, the crack immediately arrested.
